negative production strains, which remains frequently attached to PHAs granules after the 
26
To this end, a methodology for the detection and identification of the key volatiles released due to 27 oxidative degradation of PHAs has been established using a headspace solid-phase 28 microextraction technique. We report the development of nine nano-bio-composite materials based 29 on three type of commercial PHA matrices loaded with three species of nanoclays which represents 30 a different polar behaviour. It has been demonstrated that although the reached outcoming effect 31 depends on the volatile nature, natural sepiolite (T2) might result in the most versatile candidate 32 for any the PHA matrices selected.
Introduction

38
Poly(hydroxyalkanoates) (PHAs) market is poised to grow during the next decade at a 39 compound annual growth rate of 6.3% gaining more and more attention in the biopolymers market
40
[1]. PHA biopolyesters are increasingly used owing to its biodegradable nature and processing 41 versatility representing a potential sustainable replacement for fossil oil-based commodities [2] . 
146
decreased from 140 ºC in the feeding zone up to 160 ºC at the nozzle when blending PHB226 (P3HB).
147
The compounding was extruded through a 2 mm diameter die for a constant output of 10 kg/h. The
148
extrudate was quenched in a water bath at room temperature, dried and cut into pellets.
149
Specimens for mechanical testing were obtained by injection moulding with a JSW 85 EL II 
154
General characterisation methods
156
Scanning electron microscopy
157
Structural properties were evaluated by scanning electron microscopy (SEM) with a Hitachi
158
S3400N equipment in order to determine the morphology and dispersion of the nanoclay through 159 the biopolymer-based materials.
160
Energy-dispersive X-ray spectroscopy (EDX) was also used for samples chemical 161 characterization.
162
Thermogravimetric analysis
163
Thermal characterisation was carried out by using thermogravimetric analysis (Mettler-Toledo
164
TGA/SDTA 851e, Switzerland) 165 166
Analysis of volatile compounds by HS-SPME-GC-MS
168
HS-SPME extraction procedure 169 1.00  0.01 g of sample with 1 ml of distilled water and 2 L of internal standard 170 4-methylstyrene (8 mg / kg, Sigma-Aldrich Inc., St. Louis, MO) and a small magnetic stirrer were 171 placed in a 20 mL amber vial sealed with an aluminum pressure cap provided with a pierceable 172 silicone septum. The extraction was carried out using the SPME fiber made of divinylbenzene /
173
carboxen / polydimethylsiloxane (DVB / CAR / PDMS) 50/30 mm, StableFlex, 1 cm long, mounted on 174 a manual support set SPME (Supelco, Bellefonte, PA) [27, 28] . The vial with the sample was placed in 175 a water bath under specific temperature. After 10 minutes of equilibrium of the sample, the SPME 176 needle was inserted into the vial and exposed to the head space of the vial for specific time. After (splitless mode). Blank tests were performed prior to the analysis of the samples to ensure that there 179 was no contamination that could cause memory effects.
181
GC-MS parameters
182
The analysis of the volatiles was carried out using an Agilent 6890N GC model gas 
191
by HS-SPME-GC-MS using standard calibration curves. For this, mother solution (5 mg / kg) and
192
working solutions were prepared using distilled water as solvent. The HS-SPME and GC-MS
193
sampling procedures were carried out as described for the samples. The analytical method used for
194
the quantification was validated in terms of linearity, repeatability and limits of detection (LOD) and quantification (LOQ). The calibration curves were performed at five concentration levels, in
196
triplicate, using adequately diluted standards and adjusted by linear regression.
198
Optimization of HS-SPME extraction parameters Box-Benhken experimental design (BBD) 199 200 
202
The extraction of volatile compounds from PHAs was performed under different extraction
203
conditions according to the experimental design shown in Table 2 . The parameters considered
204
during HS-SPME optimization were extraction temperature (50, 70 y 90 ºC), and extraction time (15, The thermal stability of the nanocomposite materials was evaluated through TGA. The temperature
225
corresponding to the onset of decomposition (T onset) for the samples studied is essential for 226 evaluating their thermal stability and is shown in Table 3 .
227
In addition, the appearance of volatile traces in the first section of the DTG was evaluated.
228
Theoretically, high amounts of some identified volatiles that might be found in the neat matrices, 229 may have been released during the extrusion-compounding of the bionanocomposites due to the 230 temperature profile reached during the material development (over 150°C) [18, 28] composites, the presence of PBA was corroborated in NMR and DSC analysis for PHB226 [32] .
251
Maximum degradation temperature of PBA is defined at Tdmax= 385.1 °C [33] which is aligned with
252
the TGA results shown in Table 3 . previous publication [37] . In particular four degradation steps are appreciated for T1. The separate the overlap of peaks, the heating rate was lowered from 10 ° C / min to 5 ° C / min.
275
The first loss corresponds to mainly methanol, probably used as solvent for the 276 modification of the clay, followed by dehydration of water: moisture and zeolitic water 277 (below180ºC).
278
The volatilization of the modifier takes place in two steps, the first one related to adsorbed 279 molecules (non-grafted) at 215°C-250°C. Grafted modifier is likely to volatilize over 400°C.
280
The grafted groups are very stable, being eliminated by heating at temperatures above
281
400°C. In this way, the characteristic hydrophilic surface of Sepiolite becomes organophilic 282 and the fibrous clays can then be easily dispersed in low-polar polymers [38] . The last loss
283
observed approximately at 750°C has been described in literature to be related to a 284 complete oxidation of the carbonaceous residue formed during previous thermal oxidation
285
of the grafted molecules [39] .
286
T3 (Na-MMT) presents a chemical structure modified with a quaternary alkyl ammonium 287 surfactant which has a noticeable effect on thermal stability of the organoclay itself.
288
Analysing its thermal degradation behaviour, it can be observed that T3 DTG shows a
289
water/solvent release at 68°C and at 116°C. In addition, two small mass loss peaks are
290
found for 295°C and for 526°C, and finally an accentuated peak corresponding to 674°C.
291
According to literature (Botana et al [40] and Cervantes et al [41] ) free water loss in MMT 
294
water but also to decomposition of the alkylammonium ions. In particular, peaks found at
295
297°C and 528°C are associated to the following chemical species for this organoclay 296 sample: H2O, CO2, alkanes, alkenes, CHO's, COOH's, amines [41] . Finally, peaks attributed 297 between 610°C and 674°C are attributed to some further structural water release.
298
In all the developed nano-biocomposites a decrease in Tonset and Tmax can be appreciated 299 except for PHB226-T1. Han et al reported that P3HB-co-P4HB samples containing a 10 wt% 300 silica presented a higher Tonset and Tmax than that of pure P3HB-co-P4HB, in particular being 301 2.08°C and 6.28°C higher, respectively [42] . 
328
On the one hand, analysing PHA3002 micrographs, T2 seems to appear better dispersed 329 than T1 or at least better oriented in one direction. In addition, sepiolites (T1 and T2) 330 appear to show a better affinity with this P3HB-co-P4HB matrix as T3 micrographs show a 331 lack of wetting contact layer or interphase between the nanoclay and the polymer. On the 332 other hand, for PHA1005 matrix, T1 presents some agglomerates, which in principle
333
should be avoided due to the aminosilane modification. At times, the greater the amount 334 of organic modifier in nanoclays, the greater the impediment to debundle [44] and this 335 might be the behaviour observed between T1 (modified) and T2 (natural) for this matrix.
336
Finally, when analysing PHB226 compounds, a clear lack of affinity for T2 PHB226 was 
346
XRD results already published by authors, in which Montmorillonite seemed to be highly 347 intercalated and even exfoliated, while sepiolite debundling was not so effective [32] . This 348 favourable interaction between T3 and PHB226 may be attributed to the lack of P4HB and 349 the appearance of PBA, which modifies the polar behaviour or the matrix, and indirectly
350
affects the overall viscosity of the molten polymer when the blend is developed favouring 351 or hindering miscibility [45] .
352
Finally, for neat matrices, the difference in the amount of talc used by the manufacturer for
353
PHA1005 and PHA3002 formulations respect to PHB226 can be observed, which seems in 354 coherence with TGA findings. 
355
HS-SPME-GC-MS -HEADSPACE SOLID-PHASE MICROEXTRACTION COUPLED TO GAS
356
CHROMATOGRAPHY-MASS SPECTROMETRY
360
Seventeen different volatile compounds were identified with a library similarity higher than 80% in 361 all runs of the BBD carried out in this study ( Figure 3 ): 1, 1-butanol; 2, p-xylan; 3, heptanal; 4, 362 α-methylstyrene; 5, benzaldehyde; 6, octanal; 7, limonene; 8, 1-hexanol; 9, undecane; 10, 1-octanol;
363
11, nonanal; 12, decanal; 13, 1-chloro-decane; 14, 1-decanol; 15, tetradecane; 16, biphenyl; 17, 2,6-bis
364
(1-methylethyl)-benzeneamide.
presence of benzaldehyde in other matrices such as polystyrene has been related to oxidation (butanol, 1-hexanol, octanol and decanol). In particular, 1-hexanol is one of the most important 371 alcohols used for several processes of synthesis and degradation product of one of the most used 372 plasticizers since 1950, the phthalate DEHP [47] . This compound has been detected in emissions of 373 different plastics with undesirable odour [48] . As expected, some organic volatile compounds 374 identified are linear or branched chain alkanes such as undecane and tetradecane due to the high 375 affinity for SPME fiber coating [28] . Regarding limonene, it is a terpene which has acquired great 376 importance in recent years due to its demand as a biodegradable solvent. Apart from industrial 377 solvent it also has applications as an aromatic component and is widely used to synthesize new 378 compounds [49] . 
382
The influence of extraction temperature (A), extraction time (B) and NaCl addition (C) in the sum of 383 the peak areas of these seventeen compounds was evaluated by using standardized Pareto diagrams
384
( Figure 4 ). This kind of diagrams allows to determine the magnitude and the importance of each 385 independent variable or factors in a response. Figure 4 shows that only the extraction time was 386 significant and it has a positive effect. That means that extraction by HS-SPME improves when the 
395
The computing program showed that the fitted models were considered satisfactory as the lack of fit 
424
products have undesirable odours with particularly low odour thresholds [50, 51] . As it is shown in table 3, the effect of studied nanoclays (T1, T2 and T3) were different depending on the polymer 426 matrix (PHB226, PHA1005 or PHA3002).
427
In general, the volatile compound quantified in greater quantity for all the samples has been the 428 decanal, in the order of mg/g sample in comparison with the rest of compounds, which have been 429 quantified in the order of g/g sample. On the other hand, the addition of nanoclays modify the increase the release of this compound. Finally, PHB 226 showed the highest decanal initial content.
452
T2 was the most effective clay reducing the release of this compound. T2 nanoclay was also the most 453 efficient for the PHA 1005 matrix, while for the PHA 3002 sample it seems that the addition of T1
454
and T2 nanoclays modifies the structure of the polymer in such a way that the release of this volatile 455 increases, except for the T3 clay which seems to have no significant differences with the PHA 3002 456 control sample. Heptanal  T1  T1& T2  T1& T2   -Methylstyrene  T2  T2  T2 & T3   Benzaldehyde  T2  T2  T2   Octanal  T1& T2  T3  T2   1-Hexanol  T1, T2 & T3  T3  T1   Decanal  T2  T2  T2 & T3 
457
Conclusions
460
The incorporation of organoclays to PHAs greatly affects the dispersion and integration of the 461 nanoclay in the polymer matrix due to surface modification. SEM micrographs confirms how 462 important is adequate the surface polarity of nanoclays for a particular matrix, having found largest 463 differences between T2 which showed a lack of surface adhesion and voids formation and T3
464
apparently exhibiting better surface interaction and delamination. There is also a clear difference
465
between micrographs containing T1 and T2, especially for PHB226, where the aminosilane 466 modification clearly accentuates affinity for the PHAs matrices. Moreover, T1 has demonstrated to 467 be the unique nanoclay really enhancing the thermal stability of the composites developed according
